The natural history for patients with asymptomatic CM-I is poorly understood. A few retrospective case series have outlined the clinical course for these patients, 2, 5, 10, 14, 17, 21 but given the varied symptoms attributed to CM-I, determining whether a patient is symptomatic or even whether a patient clinically improves because of operative treatment can be difficult. Confounding matters, retrospective case series describe outcomes in surgically treated versus nonsurgically treated patients rather than symptomatic versus asymptomatic patients because of the difficulty establishing cause-and-effect relationships between the imaging findings and reported symptoms.
Chiari I malformation is often viewed as a static congenital condition, although cases of CM-I acquired secondarily to supratentorial mass effect or excessive spinal fluid drainage from the thecal sac have been reported. 8, 13, 15 One series of 124 children with CM-I managed nonoperatively showed no significant change in tonsillar descent. 5 Multiple case reports have described CM-I patients in whom tonsillar descent decreased or resolved on followup images. 3, 4, 6, 7, 9, 12, 16, 20 Other case reports have described CM-I patients in whom tonsillar descent increased over time. 2, 10, 17 In one retrospective case series, the changes in tonsillar descent over time ranged from -14 mm to +20 mm. 17 To the best of our knowledge, no study to date has prospectively followed the serial MRI patterns of patients with nonoperatively managed CM-I to assess the types of radiological changes seen over time and to determine whether these changes alter clinical management in any way. In this study, to establish recommendations for optimal follow-up imaging, we prospectively followed the clinical and radiological courses of patients with nonoperatively managed CM-I.
methods
Study approval was obtained through the Dartmouth Institutional Review Board, and data were collected prospectively for all patients who received a diagnosis of asymptomatic CM-I at the Dartmouth-Hitchcock Medical Center from December 2004 through May 2013. CM-I was defined as tonsillar descent of 5 mm or more below the foramen magnum as measured on sagittal brain or cervical spine MR images. At the time of initial diagnosis, additional imaging of the entire neural axis was performed to evaluate for associated pathology such as a supra tentorial mass lesion, syringomyelia, or a tethered spinal cord. At the surgeon's discretion, patients were offered operative decompression, typically based on the presence of syringomyelia, occipital Valsalva maneuver-induced headaches, or brainstem compression symptoms attributed to the CM-I. A discussion of surgical decision making for CM-I is beyond the scope of this paper. If surgical intervention was not initially recommended, the patient was managed nonoperatively and was included in this natural history study.
Patients were excluded from study participation if their initial evaluation revealed a history of hydrocephalus, spinal dysraphism, syringomyelia, craniosynostosis, achondroplasia, or chromosomal abnormalities. A syrinx was defined as dilation of the central canal of the spinal cord of 3 mm or more.
Patients were scheduled for routine follow-up evaluations annually for 5 years and then again at 7 years after initial diagnosis. Not all patients completed follow-up visits as scheduled, but all available data were included in the study. We included any patient who had at least 1 follow-up clinic visit in which imaging was performed. Some patients missed appointments sporadically, and others were entirely lost to follow-up. At each appointment, the patient history was updated, a neurological examination was performed, and brain or cervical spine MRI was performed. For each follow-up imaging study, tonsil descent was independently measured by a neuroradiologist and a pediatric neurosurgeon. Any discrepancies in measurement were resolved with a final review by an additional neurosurgeon. At each follow-up interval, patients were assessed for reduced, increased, or stable measured radiological tonsillar descent compared with that found on all prior images, including the baseline images and any subsequent images obtained before the follow-up appointment. We considered a change to be an alteration in the degree of tonsillar descent of 2 mm from that found on baseline or any prior study. We considered resolution of the CM-I to be tonsil descent that decreased to less than 5 mm.
results
Over the 12-year study period, 228 patients at our clinic had CM-I. Of these, 145 (64%) patients were managed operatively and 83 (36%) were managed nonoperatively. Among the nonoperatively managed patients, 55 met inclusion criteria for this study. Of those who did not meet inclusion criteria, 14 were lost to follow-up, 13 had hydrocephalus, 3 had achondroplasia, and 1 had a chromosomal abnormality. Because 3 patients elected to proceed with surgical intervention over the course of the study, they became ineligible to complete the natural history follow-up study. Thus, a total of 52 patients were included in the natural history analysis. At the time of initial evaluation, patient ages ranged from 2 to 16 years (mean age 8.2 years), and 27 patients were girls and 25 were boys (Table 1) .
Over the course of the study, no change in objective neurological examination findings was found for any pa- The initial images that prompted referral to our clinic were obtained for a variety of reasons: 16 for headache, 11 for persistent emesis, 5 for trauma, 5 for endocrine abnormalities, 4 for seizures, 4 for movement disorders, 2 for visual changes, 2 for scoliosis, 1 for incontinence, 1 for behavioral changes, and 1 for a fatty neck mass. For all patients, the referring providers consulted pediatric neurosurgery to complete the evaluation for a new diagnosis of CM-I and to determine whether surgery might be indicated. For all included patients, the symptoms were considered unlikely to be associated with the CM-I. For patients in whom headache was the presenting symptom, the headache did not have the exertional or Valsalva maneuver-induced component typical of a CM-I headache.
Initial tonsillar descent ranged from 5 to 26 mm (mean 11 mm) ( Fig. 1 ). Figure 2 shows some examples of tonsillar descent at the initial visit. Over the entire course of the study, tonsillar descent remained stable in 26 patients (50%) and changed more than 2 mm in 26 patients (50%). Of the 26 in whom change was demonstrated, tonsillar descent was reduced in 20 (77%) and increased in 6 (23%). CM-I completely resolved over the course of the study in 6 patients (12%). Changes in tonsillar descent ranged from -19 to +7 mm. The annual average change in millimeters of descent is shown in Fig. 3 . MRI data regarding changes in tonsillar descent by study year are summarized in Table 2 .
Changes were seen during every year of follow-up. In any given year, radiological changes were seen for 14%-32% of patients. On average, 24% of images from any given year showed some kind of change in tonsillar descent; reduction was seen for an average of 19% of patients and an increase for an average of 5% of patients (Fig. 4) . The mean absolute value of change in any given year was 4.6 mm. The percentage of patients in whom a change occurred was highest at year 2 and lowest at year 7 of followup. Findings for other years were relatively similar. The annual total percentage change is shown in Fig. 5 .
Complete resolution of CM-I was seen at various times throughout follow-up. Age at presentation ranged from 2 to 14 years (mean age 6 years). Initial tonsillar descent in this subgroup ranged from 6 to 19 mm (mean descent 9 mm). The average time from initial evaluation to resolution was 2.8 years. The patient for whom time to resolution was longest, 7 years, was the oldest in this group and at initial evaluation was 14 years of age. The rest of the patients in this group were 2-7 years of age. The time courses of the various types of change can be seen in Figs. 6-8. Age at initial evaluation, sex, and initial tonsillar descent were analyzed to determine if they were predictive of CM-I resolution. None was statistically significant as a predictor of CM-I resolution. Figure 9 shows examples of images obtained initially and again at the time of resolution.
For no patients in our series did a syrinx develop during the study period. A syrinx is defined as a 3-mm or greater dilation of the central canal of the spinal cord.
For 2 patients in our series, a fatty filum terminale with a normally positioned conus medullaris at the level of L1-2 was found. Neither patient underwent filum lysis. For both patients, the extent of tonsillar descent decreased over time and each remained clinically stable without tethered cord symptoms.
Initial management was nonoperative for 3 patients in our series, but surgical decompression was performed later. For these patients, no radiological changes in CM-I were seen, and all remained neurologically intact. Of the surgeries that were performed, all were for subjective clinical symptoms and none were for brainstem compression. For 1 patient, 1 year of age at initial evaluation, tonsillar descent was 15 mm. Surgery was performed at age 3 for speech delay and irritability, but the boy was too young to assess for the presence of an exertional headache. These symptoms did not improve postoperatively. For another patient, 13 years of age, initial tonsillar descent was 13 mm; this patient opted for surgery 5 years later because of exertional headaches, which did decrease postoperatively. For the third patient, 16 years of age, tonsillar descent was 15 mm; this patient also chose surgery because of exertional headaches, which did not decrease postoperatively. Figure 10 shows the images of a patient who underwent surgery, taken at initial evaluation and before surgery. discussion CM-I in children can radiologically change over time. In our series, the degree of tonsillar descent changed in 50% of children managed nonoperatively. On average, nearly 25% of surveillance scans done annually showed a change in tonsillar descent of 2 mm or more from the initial or prior measurement. On average, a change was shown in any given year for 24% of patients. Significant changes in tonsillar descent and even resolution of CM-I were seen as far out as the seventh study year (the final year of this study). Presumably, changes might be seen even beyond this time frame. In each year of follow-up, more patients showed reduction in tonsillar descent than increase.
The literature contains multiple reports of radiologically observed reduction and resolution of CM-I. The 78 cases with available patient demographics (rather than large series without details on specific patients) are summarized in Table 3 . Patient ages range from 1 to 16 years (mean age 7 years), and 60% of patients were male. Initial tonsillar descent is not reported in many of the articles, but range of descent was 7-13 mm (mean 10 mm). Follow-up times ranged from 2 to 11 years (mean 5 years). For these 78 patients, tonsil herniation increased for 10, reduced for 51, and resolved for 17. Publication bias may explain the preponderance of reduction documented in the literature; 6 of the 10 patients for whom a CM-I increase was reported participated in a single natural history series. 17 The degree of change in tonsillar descent was rarely reported, so we were unable to analyze this factor.
Of clinical relevance are those patients in whom CM-I completely resolved during the course of the study. In our series, in no patients did CM-I completely resolve and then reappear on subsequent images. Our study demonstrates that CM-I will show radiological resolution over time in as many as 12% of asymptomatic children. No statistically significant factors to predict radiological resolution were identified in our study.
Surgical decision making for patients with CM-I can be challenging because the symptoms can be difficult to definitively attribute to the malformation. In our series, no patient in whom a change in tonsillar descent was seen experienced symptoms leading to a decision to perform surgery. The abnormalities seen on images for the 3 study patients who underwent surgery remained stable at the time of the decision for surgery. Surgery was performed on the basis of symptoms and not surveillance imaging findings. Two patients who underwent surgery experienced a change in headache quality with a new exertional component. For one of these patients, headaches decreased after surgery and the improvement was sustained at last follow-up evaluation 1 year postoperatively. Another of these patients experienced persistent headaches and additional postoperative pain and returned to the emergency department multiple times for assessment of these headaches. The third patient was a 3-year-old boy who initially underwent MRI for speech delay. He displayed irritability but was too young for ascertainment of the presence of exertional headaches. Suboccipital decompression was performed, but the speech delay and irritability did not improve. Other published retrospective natural history studies of CM-I have reported a similar small percentage of patients who initially underwent nonoperative management but ultimately underwent surgery. Novegno et al. reported surgery having been performed for 1 (4.5%) of 22 patients; this patient had experienced worsening ventriculomegaly and tonsillar descent. 14 Massimi et al. reported clinical and radiological worsening of CM-I for 2 of 16 patients with progressive hydrocephalus. 10 These 2 patients underwent successful endoscopic third ventriculostomy without suboccipital decompression. Benglis et al. reported delayed surgery for 5 (4%) of 124 patients with CM-I, 5 and Strahle et al. reported delayed surgery for 14 (9.5%) of 147 patients. 17 In our series, 3 (5.5%) of 55 patients underwent delayed suboccipital decompression. Because patients with hydrocephalus were excluded from our study, we could not evaluate associations between worsening hydrocephalus and CM-I; comparison of delayed surgery rates between our study and the others mentioned here would be unreliable. The results of our study should not be extrapolated to include patients with hydrocephalus, in whom CM-I can follow a different clinical course.
The literature contains reports of patients with CM-I who were initially symptomatic but improved over time. Novegno et al. described 3 patients with symptomatic CM-I for whom radiological and clinical improvement was later seen after nonoperative management.
14 Although we found no correlation between radiological changes and symptom changes, we did not follow the natural history of symptomatic patients who underwent nonoperative management.
Given the high prevalence of asymptomatic tonsillar descent among children, as well as the variations in tonsillar descent among asymptomatic patients that are consistently reported in the literature, the term Chiari I "malformation" may not be appropriate because it implies a pathological state. Most of the children in our study remained asymptomatic throughout the study period of up to 7 years. For these asymptomatic patients, a term such as tonsil ectopia or Chiari I anomaly might more appropriately describe an imaging finding that is not necessarily pathological. An analogy can be made to the difference between ventriculomegaly and hydrocephalus: ventriculomegaly does not necessarily imply a pathological condition, but hydrocephalus does. "Chiari I malformation" could then more specifically refer to symptomatic patients with a clinical, not simply a radiological, syndrome.
A finding of questionable significance (because of the small sample size) is the presence of fatty filum terminale and normal position of the conus medullaris in 2 patients with CM-I. For both patients, the degree of tonsillar descent decreased over time and initial tonsillar descent was 12 mm. By 5 years of follow-up, descent had decreased to 9 mm for 1 patient and to 5 mm for the other. Although reports have stated that tethered spinal cord might cause CM-I and lead to increased tonsillar descent, 1 our findings do not support this hypothesis. The fatty film did not lead to increased tonsillar descent and did not even prevent reduction in tonsil herniation.
Our study did not address nonoperative management for patients with CM-I and an associated syrinx because patients with a syrinx were excluded and no syrinx developed de novo in any patient during the study period. Multiple reports in the literature describe reduction or resolution of a syrinx with reduction or resolution of a nonoperatively managed CM-I. 3, 4, 7, 18, 20, 21 Another report describes a patient in whom a syrinx associated with a CM-I increased and was managed nonoperatively.
14 Because our study contained no patients with a syrinx, we do not have data on which to base treatment recommendations for patients with asymptomatic CM-I and a syrinx.
Last, the idea of cerebellar tonsil ascent with age as part of normal development has been proposed. 11 In their retrospective natural history study, Strahle et al. found a higher rate of improvement among patients 12-18 years of age than among younger patients. 17 In our series, age was not a statistically significant factor for any type of change in the degree of tonsillar descent. Although the idea of patients "growing into their larger skulls" resulting in less tonsillar descent makes intuitive sense, we found no evidence of this phenomenon in our study.
The cause of the observed natural variation in tonsillar descent among these patients remains unclear. Future studies could investigate whether such things as intubation and its associated changes in ventilatory dynamics, anesthetic agents, patient positioning, or hydration affect the position of the cerebellar tonsils, accounting for the position changes of the tonsils seen over time.
The main clinical question arising from this study is whether asymptomatic patients with nonoperatively managed CM-I should undergo regular follow-up MRI. From a basic clinical perspective, surgery for CM-I without associated hydrocephalus or syrinx is entirely based on symptoms and neurological examination findings. The presence of a CM-I or an increase in tonsillar descent is not in itself an indication for surgery. Because of the frequency with which asymptomatic CM-I is found, clinical evaluation and judgment, rather than merely radiological findings, remain the standard for surgical intervention for any patient with a CM-I. Over the course of this study, only a small percentage of patients who initially underwent nonoperative management went on to undergo suboccipital decompression. None of these decisions were based on imaging findings. Rather, they were based on clinical changes. No patient exhibited neurological deterioration, development of syringomyelia, or showed any signs of brainstem compression over the entire follow-up period. On the basis of these data, regular surveillance MRI may not be necessary.
Regular clinical follow-up for asymptomatic patients with CM-I including a history of symptoms and neurological examination may still be useful. No patient in this series demonstrated an objective change in neurological examination findings. However, in 1 patient, exertional headaches developed but resolved after subsequent surgery. Although this patient accounts for less than 2% of the 52 patients initially involved in the study, a clinically beneficial result was obtained. Should symptoms of brainstem compression, syringomyelia, or exertional headaches develop, MR images could be obtained at that time to help with surgical decision making. Although for no patients in our study did a syrinx develop over the study period, others have reported the occurrence of this phenomenon. 17, 19 For this reason, we believe that clinical surveillance follow-up with imaging performed only on the basis of new symptom development remains valuable.
Clinical judgment is still involved in determining the course of follow-up for patients with asymptomatic CM-I. We believe that for most patients, initial consultation with a follow-up clinic appointment a year later is sufficient. We recommend repeat imaging solely on the basis of new or changing symptoms or examination findings. For young children or children without the capacity to communicate worsening symptoms, we recommend follow-up for a longer time, potentially with repeat imaging, to avoid missing a change in this vulnerable population.
This study has several limitations. First, there is selection bias at initial presentation for surgical versus nonsurgical management. Our goal with this paper was to describe the natural history for patients who did not undergo surgery; a thorough discussion of the indications for surgical intervention for CM-I is beyond the scope of this paper. A valuable follow-up study would evaluate symptomatic patients who initially underwent nonoperative management to prospectively track symptomatic, clinical, and radiological changes over time. Additionally, although we started with a total of 52 patients, follow-up data at 7 years were available for only 7 patients. These numbers clearly limit the value of statistical analysis at year 7. However, the observation that tonsillar descent continues to change this far out in follow-up, and that these changes do not affect surgical decision making, remains valid. Our study was also limited because the number of nonoperatively managed patients was low enough that obtaining statistical significance for any factors predictive of change was unlikely. A larger cohort would have provided adequate power to establish significance for some of the variables we analyzed or to verify the null hypothesis. Last, the minimal crossover to surgery in our study makes it difficult to compare findings for patients in the crossover group with findings for patients who continued with nonoperative management throughout the study period.
conclusions
For many children with CM-I, the degree of cerebellar tonsillar descent changes over time. Radiological changes in cerebellar tonsillar descent were seen throughout the 7-year study period. For some patients, tonsillar descent increased over time, but for others, it decreased or fully resolved. Radiological change did not correlate with symptom development or the need for surgery. Symptoms developed during the study period for only a few patients with nonoperatively managed CM-I. Regular clinical followup evaluations to assess the development of symptoms is valuable, but regular surveillance MRI does not seem to contribute to the clinical management of these patients.
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